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SUMMARY

AIRINZEC’IZON

andPatrickL.Donoughe

Transpirationcooling,obtaipedby injettinga coolantthrougha
poroussurface,isreceivingincreasedconsiderationasaneffective
meansofmaintainingwaJJ.sexposedto a hotgasstreamattemperatures
thatcanbe toleratedby thematerial.Applicationsforwhichthis
coolingmethodis consideredarethecoolingof differentstructural
elementssuchasturbinebladesorthewallsof conibustionchanbersin

q jetenginesandpartsoftheskinofmissiles.In someoftheseSJPPli-
~ cationsthesurfaceroughnessinherentlyconnectedwitha porousmateri-

almayexceedthelimitforwhichsucha surfaceisconsideredashy-
draulicallysmooth.

4
Inorderto obtaininformationonfrictionandflowcharacteristics

d ofroughsurfacesundertheconditionoffluidinjection,an investi-
gationwithtm%ulentairflowwasmadeina rectangularchannel.M-
visionsweremadesothatporoussampleswithvaryingdegreesofrough-
nesscouldbe installedinthelowerwall.

Velocityprofilesandfrictionfactorsforthesesurfacesare
presentedforratiosofair-injectionvelocitytomainstreamvelocity
rangingfromO to approximately0.0170.Forzeroinjectionvelocity
thefrictiondatacomparedfavorablywithavailabledataon hpermeable
roughsurfaces.ItW&i
decidedlyinfluencedby
ina qualitativemanner
influidinjection.

foundthattheshapeofthevelocityprofileis
thefluidin~ectio~.
theexpecteddecrease

Theresultsalsoindicate
infrictionwithincrease

INTRODUCTION

Transpirationcoolingisreceivingincreasedconsiderationasa
meansofreducingthetemperatureofwallsexposedto hotgasstreams
to valuesthewallmaterialcansafelywithstand.Forsucha cooling
arrangement,thewalltobe cooledismadeof a porousmaterialanda
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coolantisblownthroughtheporesandinjectedintothegasstream.In
thiswaytheairorcoolantbuildsa coolfilmalongthesurfacethat e

\ protectsthewallfromtheinfluenceofthehotgases.Thecoolantalso
coolsthewallby convectionas itpassesthroughthematerial.Appli-
cationsforwhichthiscoolingmethodisconsideredsre,forinstance; .—

thecoolingofdifferentstructuralelementslikeconibustionchaaibers
orturbinebladesin jetengines,orthecoolingofpartsoftheskin
ofmissilesthataresub~ectedto intensiveaerodynamicheating. —

A poroussurfacehasby itsnaturea certainroughnessthatmay
influenceto somedegreethefrictionandheattransferbetweenthehot

~-

gasstreamandthewall. Verylimitedinformationisavailableonthe
influenceof surfaceroughnesson heattransfer,evenforsolidsur-
faces,.Theresultofa recentinvestigationiscontainedinreference
1 andsummsrizedinreference2. Someexperimentalstudiesofheat
transferforinjectionsthrougha porouswallhavebeenmade(refs.3
to 5)butwithouta systematicstudyoftheinfluenceof surfacerough-
ness. Ontheotherhand,frictiononroughsolidsurfaceshasbeenin-
vestigatedconsiderablyinthepast;andtheinformationaccumulatedin
a nuniberofetiensiveinvestigationsissummarizedinseveralbooks
(ref.6,e.g.).

ForthisreasonItwasconsideredadvantageousto obtainknowledge
w

on frictionofroughporoussurfaceswithfluidinjectionbeforethe
correspondingheat-transferproblemisattacked.Informationonfric- B
tionandespeciallyonthevelocityfieldneara porouswallwasalso
considereduseful.Suchinformationwouldpermita checkofassumptions
utilizedinthepastto obtaintheoriesonfrictionandheattransfer
ona porouswallwithfluidinjection.

.-

Itmaybe reasonedthatfluidinjectionmayaffectthefrictionof
a roughporoussurfaceineitheroftwooppositemanners.It iS kUOWtl
thatfluidinjectionintoanuriboundedstreammovingalonga poroussur-
facewillincreasetheboundary-layerthickness.Withthisincreasein
boundary-layerthickness.,however,theroughnesselementsoftheporous
wallmaypenetrateonlyintoa reduced-velocityregion.Sucha state
shouldleadto a smallerincreaseoffrictiondueto surfaceroughness
withfluidinjectionthanonthesamesurfacewithdutinjection.Gn
theotherhand,becauseofthefiniteporesizethecoolantisactually
injectedfroma ~oroussurfaceintheformof jets.Thesejetsmay
haveenoughenergytopenetrateintotheboundarylayera sufficient
amountto causeturbulence.Theturbulence,inturn,wouldtendto in-
creasethefrictionandheattransfer.Thislatterprocessismainly
determinedby thesizeoftheporesandnotby thesurfaceroughness.
Inanactualporousmaterial,however,bothparametersareintimately
connected. -n

?
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Sincenothingisknownoftheseprocesses,an experimentalinvesti-
M gationwasinitiatedattheNACALewislaboratoryinorderto obtain

informationontheinfluenceof surfaceroughnessforporouswallson
thedevelopmentoftheboundarylayerandonthefrictioncharacteris-
ticsoftheflow. Thisinvestigationwasrestrictedtotheconditions
thatthefluidinjectedthroughtheporoussurfaceandthefluidmoving
alongthesurfacewerebothairandatthesametemperature.

BASICCONSIDERATIONSFORFRICTIONMMWREMENTSONROUGHSURFACES

A basicdifficultyinflowinvestigationsonroughsurfacesis
connectedwiththeFactthatit isimpossibleto describeandclassify
a particularroughnessto completesatisfaction.Sucha description
wouldhaveto includetheshapes,sizes,andarrangementoftherough-
nesselements.Thepreviouslymentionedinvestigationsonthefriction
ofroughsurfacesshowthattheshaleoftheroughnesselementshasa
considerableinfluenceonthefrictioncharacteristics.Themainparam-
eterfoundintheseinvestigations,however,wastheratiooftheaver-

.4 ageheightoftheroughnesselementstothethicknessoftheboundary
: layer;morespecifically,tothethicknessofthatinnermostportionof

theboundarylayerwhichis conventionallycalledthelaminarsublayer.
q -
g Inroughnessinvestigationsonboundarylayers,thedifficulty
d arisesthatinmostcases(e.g.,ona flatplate)thesublayerthickness

changeslocallyalongthesurfaceinflowdirection.Theratioofrough-
nessheightto stilayerthicknessalsochangeslocallyeventhoughthe
roughnessheightis6onstantalongthesurface.To circumventthis
difficulty,thema~orityofinvestigationson’rough surfaoeshavebeen
madeinttieswtthfullydevelopedflow. Inthiscase,thelamihar
suhlayerthicknessis constantalongthetubelengthandtheinvestiga-
tiondealsthereforewitha constantratioofroughnessheightto sub-
layerthickness.Inaddition,fordevelopedflow,thevelocitiesdo
notchangeinthedirectionoftheflow.

Onporoussurfacestheadvantageof an investigationina tubeis
notfully”realizedwhenairiscontinuouslyin~ectedthroughtheporous
tubewalls,becausethemassflowincreasesindownstreamdirectionand
thereforethevelocityincreasescontinuously.Thisincreaseinmean
flowvelocityiscomparativelysmall,however,forinjectionratesof
practicalinterest.As a consequence,theratioofroughnessheightto
stilayerthicknessisexpectedtobe practicallyconstantovertube
lengthsnecessaryforfrictionmeasurements.Accordingly,theinvesti-
gationofroughnesseffectsinpipeflowseemedtopromiseadvantages
evenforfluidin~ectionas comparedwithan investigationinboundary-

< layerflow,providedfullyestablishedflowcanbe obtainedwithfluid
injection.Thisprovision,however,bringsuptheproblemofhowto
createfullyestablishedflow.

-8
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As demonstratedina calculationby Berman(ref.7),a solutionto
theNavier-Stokesequationsthatis independentofthelocationinflow k
directionexistsforlaminsrflowthrougha ductwithfluidinjection.
or suctionthroughtheporouswallsat constantrate. Inthissolution,
theshapeof thevelocity,profileisindependentofthelocationalong
theductinthedirectionofflow- a criteriondefiningdevelopedflow.
Itmaybe assumedthattheactualflowthroughsucha ductwillfinally
adjusttothisvelocitydistributionat sufficientdistancefromthe
inletcrosssection.Itmayalsobe expectedthatthesamebehavior
holdsforturbulentflow. However,no informationisavailableatpres-
entastothelengthnecessarytoestablishfullydevelopedflow. It
isnecessarytoperformroughnessinvestigationsinthisflowregionto
ensurethatthestilayerthicknessisreasoruiblyuniformoverthetube
lengthunderinvestigation.Thereis stillanotheradvantageconnected
withthedevelopedflowregionwhichsimplifiesthedeterminationof
thefrictioncoefficientandwhichwillbediscussedinthefollowing
paragraphs.

Thefrictionwhicha fluidwithconstantdensityexertsinflowing
througha-passagecanbe obtainedby measuringthestatic-pressuredrop
alongthepassageandthevelocityprofiles.Whenthepressuredropin
a distancedx betweentwostations1 and2 (fig.1)hasbeenmeasured
andwhenthevelocityfieldsinbothcrosssectionsareknown,the
shearingstressesalongthewallcanbe foundfroma momentumbalance
overtheflowregionlimitedby thelnibewallsandthetwocrosssec-
tions.Ifthecross-sectionalarea A isconstantalongx, themo-
mentumbalanceyields

s‘w dC=- A&&
f

pu2dA
c A

(1)

(Allsymbolsaredefinedintheappendix.) Ina passagewithsolid
wallsandundertheconditionoffullydevelopedflow,theintegralon
therightsideofthisequationisindependentof x, sothatthelast
termbecomeszero.If,inaddition,thepassagehasa circularcross
section,theshearingstresswillbe constantoverthecircumference
ofthetube,sothat

TV = X-

Withthedefinitionofthefrictionfactorintubeflow - &&= Lfp $,
D

thefollowingequationresults:
8TW

f =— -.
pllz

(2) r

Y’
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Whena“fluidis injectedthroughtheporouswalls,themomentum
4 integralovera flowcrosssectionchangesinflowdirection,andthe

lasttermontherightsideofequation(1)hastobe retained.Quite
oftenthistermisofnearlythesamemagnitu&asthepressure-drop
term. Sincetheshearingstressisthenobtainedfromthesmalldiffer-
enceoftwotermsofalmostequalmagnitude,anaccurateexperimental
determinationoftheshearingstresswitheqyation(1)isverydifficult
withinjectionatthewall. A simplificationofthisequationcanbe

w madewhentheflowinthepassagewithinjectionisdeveloped.Such
~ flowisdefinedbytheconditionthattheratio u/ii iS independentof4 x. By applyingthissimilarity,equation(1)becomes

(3)

Accordingto thisequation,thevelocityfieldsmustbe measuredinonly
onecrosssection,thussimplifyingthedeterruhationofthefriction
coefficient.

Now

ii(x+dx)d HArc VW(X,C) dC dx +2 1AA u(x)dA

Thequantitydli/dxrequiredinequation(3)isthen

dfi 1
J

—=x ~
ax VW dc

(4)

obtainedas

foregoingdiscus-Thefollowinggeneralrulessrederivedfromthe
sion.A cylindricalpassageappearsto offeradvantagesforan investi-
gationoftheroughnessinfluenceonflowandfrictioncharacteristics.
Developedflowshouldbe obtainedinthatportionofthepassagein
whichthepressure-dropandvelocity-profilemeasurementsaremade,and
thepassagecrosssectionshouldbe chosensothattheincreaseofthe
meanvelocityinflowdirectionnecessarilyconnectedwithfluidin-
jectioniskeptsmall.

Notalltheseobjectivesarerealizedintheapparatusdescrfbed
inthenextsection.Itwasrathertheintentionofthispreliminary
investigationto collectinformationthatwillaldinvestigatorsin
establishingthepassageconfigurationthatismostadvantageousfor
suchmeasurementsandalsoto obtainsomeideaoftheeffectsofsur-
faceroughnessandin~ectionatthewallon thevelocityfieldandthe

. friction.
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APPARATUS . —
k

Whenthisinvestigationwasinitiated,porousmaterialswithdif-
ferentroughnesseswereavailableonlyina limitedshapeandlength.
Allthegeneralrulesdeterminedintheprecedingsectioncouldnotbe

— >
incorporatedinthedesignofthetunnel.Especially,thetestsection

— —

couldnothe madeas largeasappeareddesirableforobtainingideal.
flowconditions. ,. .-.

TestChannel
&
In
N-.

Thetunnel(fig.2)consistsessentiallyofa rectangularchannel
0.6inchhighand3 incheswide. Thisheight-to-widthratiowascon-
sideredsufficientto”makesidewalleffectssmall.Airisdrawnfrom
thetestcellintothischannelthrougha bellmouth,gauzefilter,and
straighteninggrid.Thegauzeandgridnotonlycleanbutstraighten
theflowandeliminateanydisturbancesenteringfromthetestcell.
Theairenterstherectangularchannelthro-T@ha nozzleandflowsat

firstthroughan impermeableapproachsection2% incheslong.
.—

This .
lengthwaschosento ensurethattheflowentersthetestsectionproper
underfullydeveloyedconditions. .fi

Inthebottomwallofthetestsectiona piece6 incheslongis
madeexchangeable.A solidplateaswellas differentporousmaterials

w.

canbe providedinthisportion.Ontheufidersideofthisplateanair
chaderisarrangedthroughwhichaircanb_e.injectedintothetest
section.Thechaniberisofstificientsizetoassuregooddistribution
oftheair,whichisadmittedthroughtwoinlets.Theconditionofa ‘“ -
locallyuniformair-flowratethroughtheporoussectionintothein-
teriorofthechannelcanbe furtheri~rovedby properchoiceofper-
me&bilityofthebottomplate.Themainstreamandinjectedairthat

leavesthetestsectionisguidedthrougha 6~inchsectionwiththe
samerectangularcrosssectionintoa dischargechamber.Thischamber
finallyis connectedwiththevacuumsysta ofthelaboratory.A
similararrangementhasbeenusedby Schlichting(ref.8)forfriction
measurementsonimpermeableroughsurfaces.

—

Allsolidsurfacesinthepresenttestchannelwerefabricatedfrom
steel3/8or1/2inchthick.Theinsidetunnelsurfaceswereground
smoothandthedifferentportionsofthechanneloarefuIly&lined.

SurfacesInvestigated .,.

Forthecalibrationofthetunnel,a smoothsolidsteelplate
(1/4by 3 by 6 in;)wasprovidedintheexchangeableportionofthe v:.
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bottomwall. Thesurfaceoftheplatedirectedtotheinsideofthe
* channelwasgroundto conformwiththeadjacentsurfacesofthechannel.

A bronzesinteredplate(hereinafterdesignatedasporousplate)
ofthesamesizewasusedas oneoftheporoussurfacesforthelower
wall. Measurementsofthesurfaceirregularitiesindicatedanarith-
mstlcalaverageroughnessof 0.0045inch.Thelargestobservedrough-
nessheightwas0.0055inch,andthesmallest,0.0032inch.Froman
enlargedphotoofthesurfaceoftheporousplate,theaveragesizeof
theporeswasfo~d tobe 0,008inchandtheaveragedistancebetween
thepores,0.006inch.Fora preliminarycheck,theporousplatewas
installedinthetestsection,thetopcoverofthetestsectionwasre-
moved,andairflowwasdirectedthroughtheporousplateby pressurizing
theairchamberbelowthetest-sectionbottomwall. Theuniformityof
theflowthroughtheporousplatewasfoundto varyirregularlyoverthe
entireplatesurfaceby +10percentfromtheaveragevalue.Otherporous
materialsproducedby sinteringthathavebeencheckedatthislabora-
toryforflowuniformityshoweddeviationsofat leastthesamemagni-
tude.‘I!hisnonuniformityoftheflowturnedouttobe oneofthemain
difficultiesintheinvestigationsdescribedinthisreyort.

L Surfaceswithincreasingroughnesswereformedby placingstainless
steelwirescreenson topofthepaous plate.Thescreensusedin the
followinginvestig~ionsareofmeshsizes20x350with0.0Q8-inch-

4 diameterwire,20x120withO.010-inch-diameterwire,and7X26with
0.018-inch-dismeterwire. Thesedismeters are foroneofthemany
wiresindicatedas verticalwiresintheplanviewsoffigure3. The
wirescreenswereorientedinthetestsectionwiththegreaternuuiber
ofwiresperpendiculartothemainflowdirection.Thescreenswere
carefullylocatedatthebottomsectionofthetunnelinsucha waythat
thehighestpointsoftheirsurfaceswereinlinewiththesolidwalls
upstreamanddownstreamof

Roomairat about80°

thetestsection.

Air-FlowSystem

F wasdrawnthroughthechannelby thelabo-
ratoryaltitudeexhaustsystemtowhichthedownstreamendofthetunnel
wasconnected.Theexhaustsystemoperatesfrcmatmosphericpressure
to 20 inchesofmercurybelowatmospheric.Theairflowthroughthe
tunnelwasregulatedwithvalvesdownstreamofthetestsection.A ro-
tameterwasincludedintheair-flowpathto obtaina directmeasure-
mentoftheair-flawrate.

Theairinjectedintothetunnelthroughtheporousplatewasdry
* airpressurizedupto 10poundspersquareinchgagewithtemperature

ofabout80°F. Dryairwasusedbecauseof itscleanerquality.A
throttlevalveinthesystemregulatedtheair-flowrate,whichwas

u measuredwitha rotameter.

.

.-

—
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MEASUREMENTSANDINSTRUMENTATION
—

k.
Pressure

A schematicdiagramoftheinstrumentationofthetunnelisshown.
infigure4(a).Total-pressuretraverseswereobtainedatthreesta-
tionsin.thetestsectionandonestationdownstream.Thefirst(front)
stationwaslocatedinthecrosssectioninwhichtheporouswall

--—
stertedandinthecentrallocationalongthewidthofthetunnel.
Otherstationswerearrangedat ~ inches(midstation)andat 5 inches g.

(rearstation)downstreamofthefrontstationinthecenterplaneof .._m
thetunnelwidth.

Total-pressuresurveyswereobtainedforsometestsina cross
section1 inchdownstreamofthetestsectionandalongthethreeverti-
calsindicatedinfigure4(a).Thepurposeofthesereadingswasmainly
to indicatetheuniformityoftheflowalongthetunnelwidth;they
alsogaveinterestinginformationonthedevelopmentoftheflowafter
itlefttheporouswall.

Thetotal-pressuresurveysweremadewith,aprobeshowninfigure
4(b).Theprobewasfabricatedfrom0.050-inch-outside-diametertubing /:
with0.007-inchwallthickness.Thetipofthetubewasflattenedto
anovalshapewitha vertical.heightof 0.030inchandthelargeaxis b
oftheovalarrangedparallelto thebottomandtopwallsofthechan-
nel. Wfththeseprobes,total-pressurereadingswereobtainedfrom
about0.030inchfromthebottomwallto withinapproximately0.050
inchofthetopwall. Theprobewasmovedby a motor-drivenmechanism.
An electriccircuitwasInterruptedas soonasthe
upperorlowerwall;inthiswaythezeroposition
be fixed.

Static-pressuremeasurementswereobservedin
whichthetotal-pressuremeasurementsweretaken.

yrobetouchedthe
oftheprobecould ,

thesameplanesin
Thestaticpressures

wereobtainedby tappingtheupperwallwitha 0.020-inch-diameterdrill.
Anyburrscausedby thedrillingofthetapswereverycerefullyelimi-
nated.At leastthreetapswereusedat eachstationtoobtainan
averagereadingacrossthe~er tunnelwall,anditwasassumedthat
thestaticpressurewasconstantoverthetunnelheightineachcross
section.

AU pressuresinthetestsectionweremeasuredonmicromanometers
withwaterasfluid.Otherpressuresnotinthetestsectionbelow2
poundsper squareinchgage wereobservedon.awatermanometerboard;
pressuresabove2 poundspersquareinchgageweremeasuredon a mercury
manometerboard.
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TemperaturesandWeightFlows

Bare-wireiron-constantanthermocoupleswereusedtomeasureair
temperaturesintheinletanddischargechambersaswellasthetemper-
atureoftheairin~ectedintothetunnelthroughtheporoussurfaces.
Ah-flowrateswereobtaineddirectlyfromrotameterreadings.These
rotameterswerecalibratedunderoperatingconditions.A checkonthese
measurementswaspossiblefromthetotal-pressuresurveysandthestatic-
pressurewasurements.

AccuracyofMeasurements

Theaccuracyofthetotal-andstatic-pressurereadingsobserved
onthemicromanometersisbelievedtobe within0.04inchofwater.
Approximatelyhalfthisvariationcanbe attributedtoreadingaccuracy
andtheotherhalfto fluctuations.Thelocationofthecenterofthe
total-pressureprobeswithinthetunnelcouldbe determinedwithinabout

y 0.002inch.Theupperwallofthetunnelwasusedas thereference
~ pointfortheprobepositioning.Allmanometer-boardpressuremeasure-

mentsarewithin0.05inchofwaterormercury.Temperaturemeasure-
mentsareaccuratewithin2°F. Calibrationsoftherotametersindi-4 catedan accuracyof 1 percent.

EXPERIMENTALPROCEDURES

Theflowapproachingthetestsectionisfullydeveloped.Ifthe
mainflowis suddenlystijectedtotheinjectionofairandinthisway
deformedwithinthetestsectionitself,theflowisagaininanunde-
velopedstate.Therefore,equation(1)hastobe usedfora calcula-
tionofthefrictioncoefficients.Assuminga unitwidthandassuming
thattheflowistwo-dimensionalinthecenterplaneofthechannelin
whichthetotal-pressuretraversesaretaken,andconsideringthatthe
pressuredropismeasuredalonga finitelengthAx,equation(1)
transformsinto

=W,s+T w,r= - *-*[(r”u2dy)/(Lh””2 dy)J ‘“

Theshearingstressesontheupperandlowerchannelwallscanbe ex-
pressedby frictionfactorsaccordingto eqution(2). Thesefriction
factorswill.besymbolizedbyfs and fr,indicatingthattheupper
tunnelwallwasalwaysa smoothsolidsurface,whereasthelowertunnel
wallwastheexchangeableporousroughsurface.Thus,equation(5)d becomes
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wherethefrictionfactors

*[ WU2!J2W32’A“) ‘..
arebasedonan-averagevelocitydefinedby

An evaluationofthefrictionfactorfr fromequation(6)requiresa
measurementofthestatic-pressuredrop Ap andofthevelocitypro-
filesinthetwocros6sectionsseparatedby Ax. Inaddition,the
frictioncoefficientfs oftheuppersmoothsurfacehastobe known.
Thedeterminationofthisfrictioncoefficientwillnowbe discussed.

The“initialrunsinthetunnelweremadewitha solidsmoothplate
installedinthelowerchannelwallofthetestsection.Thepurpose
oftheserunswasto calibratethetunnelandto determinethefriction
factorfs. Theseruns weremadeafterchecksforairleakagethrO@T
thetunneljointswereobtainedby comparisonofweight-flowreadings
basedontherotameterandonthevelocity-profilesurveys.Agreement
oftheair-flowratebetweentheprobesurveyand.therotameterwas
within2 percent.It isbelievedthatthedeviationinflowresulted
frominstrumentinaccuracyratherthanfromleakage.It shouldbe
notedthatfortherunswiththesmoothsolidplatetheintegralsin
equation(6)areidenticalandcanbe omitted.

Thenextseriesofrunswasmadeontheporousplate.Theratio
of injectionvelocitythroughtheporousplatetothemainflowveloc-
itywasvariedfromzerotoabout0.017.Theinjectedairvelocityis
basedonthetotalareaoftheporousplate.Themainstreamvelocity
isbasedontheinletareaofthetestsection.TheReynoldsnumber
Re forthetestswithairinjectionwasheldto a valueofabout
6.0)CL04.‘ThisReynoldsnumberwasdeterminedby thecapacityofthe
pipingsystem.Thearrangementoftheinstrumentationdidnotpermit
simultaneoussurveysatthemiddlewiththefrontandresxstations.
Therefore,theindividualrunswererepeatedforobservationsatthe
frontandmiddlestations.Thisprocedurewasrepeatedforthe20X350,
20X120,”and 7x26 tire mesh screens.

EXPERIMENTALWELCK!ITYDISTRIBUTIONS

Inorderto determinethetwo-dimensionalityoftheflowinthe
centerplaneofthetunnel,velocitysurveysweretakenfora nuniberof
runsina crosssection1 inchdownstreamofthetestsection.The

—
.

g
to

#’ ❑

●
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locationoftheverticalsalongwhichthesesurveysweretakenisindic-
ated infigure4(a). As anexampleofthesevelocitysurveys,figure
5 presentstheresultsofonerunfortheporousplate.Thefrontand
rearprofilesareincludedforcomparison.Thethreeprofilesare
nearlyidentical,especia~ynearthelowerwall. Themaximumdeviation
intheaveragevelocityIi ofthethreedownstreamprofilesisapproxi-
mately2 percent.Thedifferencesintheotherrunswereofthesame
orderofmagnitude.Thisparticularrunpresentstheconditionwhere
nonuniformityinflowwouldbe mostapparent,sincetheporousplate
indicatednoticeablevariationsin-permeability.Eighinjectionair-
flowratesas shownherewouldalsomakeflowirregularitiesmore
apparent.

It shouldbe notedatthispointthatthelocationsofthetotal-
pressurereadingswerecorrectedto accountforthedisplacementofthe
readingdueto.pressuregradients.Thiscorrectionwasappliedas in-
dicatedinreference9,whichstatesthatthedisplacementoftheread-
ingfromtheprobecenterlinetowardsthehigh-pressuresideis 0.18
oftheoutsideprobediameter.Inthisinvestigation,theprobediem-
eterwastakenas 0.030inch,thusgivinga displacementofabout
0.005inch.

Figure6 showsthevelocityprofileobtainedatthefrontandrear
stationsinthefirstrunsinwhichthelowerwallofthetestsection
consistedofa smoothsolidsurface.Theprofilesmeasuredatthefront
andrearstationsarepracticallyidentical.A slightasymmetryofthe
profileisalsodiscernible.Thisasyrmnetrywasfoundinallthefol-
lowingexperiments,andnoreasonforitcouldbe determined.

Figure7 presentsthevelocityprofilesmeasuredby thefront,mid,
andrearprobesforthetestseriesinwhichtheporousplatewasused
asthe lower wall ofthetunnel.Increasingairflows(figs.7(a)to
(f)) wereinjettedthroughthisplateintothetunnel.It isinterest-
ingto observehowthevelocityprofileinthemidandrearstation
graduallydeformsas comparedwiththefrontprofileina degreein-
creasingwithincreasingIndectionairflow. Thedeformationofthe
velocityprofileona boundarylayeralonga porouswallwassimilarly
observedinreference10. Bothobservationsprovedefinitelythatthe
influenceofthefluidinjectionreachesdeepintothemainflowand
thattheassumptiononwhichavailabletheorieshavebeenbased(viz.,
theinfluenceoftheinjectionisrestrictedto thethinIaminsrsub-
layers)doesnotcorrespondto reality.Itmayalsobe observedthat
themidstationprofileisdifferentfromtherear-stationprofile.This
differenceindicatesthatdevelopedflowhasnotformedinaboutthe
firsthalfofthetest-sectionlength.Additionalsurveysbetweenthe
midandrearstationswouldbe necessaryto determinewhetherdeveloped
flowresulteddownstreamofthemidstation.A moredetailedcomparison
andevaluationoftheprofilesoffigure7 ismadesubsequently.
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Figure8 presentsthefrontandrearvelocityprofilesobtained
withscreensof differentroughnessfortheconditionofno flowthrough
thewall. Thisfigurecanbe comparedwithfigure6 andshowshowa

k

velocityprofileisdeformedwhenfullydeveIopedflowissuddenlysub-
.—

jettedto..aroughsurface.Itcanbe clearlyrecognizedthatincreased
deformationoftheprofileoccursforincreasedroughnessoftheSW-

—

face. Theinfluenceofa roughsurfaceon thevelocityprofileappears
tobe similarto theinfluenceoffluidinjectionforlowinjection
rates.Thelargegcaleoffigure8 permitsdrawingof-separatecurves
forthefrontandrearprofilesforfigure8(a).ThLswasnotapyarent “ -$
infigure7(a)becauseofthereducedscale. K1

Earlyinvestigationsby Nikuradseestablishedthefactthatveloc-
ityprofilesinf~y developedflowofchannelswithroughor smooth
surfacesarerepresentedona setilogarithmicplotby approximately
straightlines(ref.11). Thus,deviationsofthevelocityprofiles
measuredinthisinvestigationfromtheestablishedprofileon solid
surfacescanbe moreclearlydistinguishedina semilogarithmicplot
thaninthepresentationusedupto now. Forthisreason,thevelocity
profilesontheporousplatesreoncemorepresentedinfigure9(a)with
theinclusionoftheprofilesm?asuredinthemiddlestation.Figures
9(b)to (d)showsimilarprofilesforthedifferentwirescreens.

Thefollowingobservationscanbe madeonthepresentedvelocity
profiles.Theprofilesareneverexactlystraightlines;evenforzero
injectionflowratesthelinearitypredicte&byNikuradsefsuniversal
loglawisnotapparent.Similarnonlinearityisalsodiscernibleupon
carefulstudyofthedataofSchlichting(ref.8)andhasalsobeen
foundto occuroverNikuradsefsoriginaldata(ref.12). Forlargein-
jectionratestheprofilesonthesemilogarithmicplotsbecomequite
concave,indicatingthatactuallyfluidinjectiontransformstheveloc-
ityprofilesinaway differentfroma roughsurface.Probablytheve-
locitycomponentnormaltothesurfaceattheporouswallcauses,by
displacement,velocitycomponentsinthesamedirectioneveninair
layersquitefarawayfromthesurface.Theselayersaremovedintoa
rangeof largervelocitiesinthemainflowdirection,andthecorre-
spondingmomentumincreaseiscompensatedby a changeintheprofile
shape.A theoryofturbulentflowwithfluidinjectfonhasto account
forthisphenomenoniftheactualconditionswe tobe described.

A comparisonofthedifferentprofilesmeasuredon surfaceswith
differentroughnessesfornoflowthroughtheporouswallwiththe
profilesforthemaximumflowratesisalsointeresting.Sucha com-
parisonis_giveninfigure10. Theroughness.ofthesurfacehasa de-
cidedlylargerinfluencefornoflowthanforinjectibnflow. This
trendmightindicatea conditionthatwithincreasingflowratesthe
roughnessofthesurfacehasa decreasinginfluenceontheflowprocess
andcorrespondinglyalsoonthefrictioncharacteristicsofthesurfaces.
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A comparisonofthevelocityprofilesmeasuredintheupper~ortion
a ofthechannelboundedby theupperchannelwallwasmadeinthesame

wayasforthelowerhalf. Ontheseprofiles,withflowaswellasfor
noflow,lineswitha slightconcavecurvaturewereobtainedona semi-
logarithmicplot. Onlyoneexampleof suchprofilesis shown(fig.11).
Examinationofthedatashowninfigure11forzeroinjectionflowindi-
catesthatthevelocityattherearstationis somewhatlargerthanat
theotherstationsforthesamedistancefromthewall. Thisssneef-
fectisalsoshownontheleftsideoffigure8(a)forthefrontand
rearstations.Thisvelocityincreaseinflowdirectionresultsfrom
thedevelopmentoftheflowovertheroughsurface.15romthefactthat
theseprofilesallcorrespondin shapeto theuniverssJ.lawestablished
by Nikuradse,itisconcluded.thattheupperhalfofthevelocitypro-
fi.lefeelstheeffectofwhathappensto thelowerhalfonlyinsofaras
thevelocitymsximunvmaybedisplacedfromthecenterplaneofthetunnel
andastheabsoluteamountofthevelocitiesmaybe increasedby a dis-
placementoftheflow.Eowever,theshapesoftheprofiles,and
consequentlythelawdescribingthefrictionontheuppersurface,sme
notchanged.Thisconstancyinthefrictionlawfortheupperwall
justifiestheuseofthefrictioncoefficientas itwasdeterminedin
thechannelwiththesmoothsolidwallinstalledasthelowerwall.
Schlichtingalsofoundthatthesmooth-wallfrictionisnotaffectedby\ theroughwall(ref.8). Thisassumptionisusedfortheevaluationof
equation(6)whena roughsurfaceisarrangedonthelowertunnelwall

* andwhenfluidis injectedintothetunnel.

EVALUATIONSANDCOMPARISONSWITHPREVIOUSINFCRMATTON

VelocityDistributions

Thefollowinggenerallawsforvelocityprofilesinfullydevelwed
ttieflowhave
lationforthe
is (ref.6,p.

be~n–establishedby measurem&~sofNikuradse.-There~
velocitydistributionina pipewithsmoothsolidwalls
369):

u
p= 5.75log~*+ 5.5 (7)

A recentanalysisofNikuradsefsdatainreference12 indica%esthatthe
useofa valueof 5.6forboththeconstantandthecoefficientismore
applicable.Inthepresentinvestigation,however,thischangehas
littlesignificance.Therefore,equation(7)win be used.Fora pipe
witha roughora smoothsurface,thedifferencebetweenthemaximum
velocityi:thecenterofthepifie

● followsa universalrelationgiven
orref.6,p. 372):

andthelocalvelocityu still
by thefollowingequation(ref.11,

5.75log:
Y

(8)
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where,forsymmetricalprofilesinthepresentexperiments,r = h/2;
forunsymmetricalprofilesr expressesthedistanceofthevelocity
maximumfromthechannelwall.

v.

Figure12 showstheupper-wallvelocityprofilesdividedby u*,
calculatedfromtunneldata,forzeroin~ectlonflowwithsmoothor
roughsurfacesasthelowerwallofthetunnel.Thesedataarecom-
paredwiththegeneralrelation(universalvelocitydistribution)ina
pipewithsmoothwalls(eq.(7)).Ingeneral,goodagreementisob-
tained,theaveragedeviationbeingabout6 percent’.Themeasuredve- s-
locitiesaregenerallylowerthanthelineindicatingtheuniversalve- %
locityprofile,becausethetunnelwallscouldnotbe consideredas
completelysmoothhydraulically.Thisisalsoindicatedby thefact
thatthefrictionfactors,whichwillbepresentedlaterforthe“smooth”
tunnel,aresomewhatabovethepreviouslyestablishedfrictionfactors
fora pipewithsmoothsurfaces.“When u/# iscalculatedwithequa-
tion(7),inwhich u* isobtained&romthetunneldata,betteragree-
mentisindicated,as shownby thedashedlineinfigure12. Sincethe
resultsshowninfigure12 indicatethetunnelnottobe completely
smoothhydraulically,a comparisonusingequation(8)forsmoothand/or
roughsurfaceswasalsomade.Figure13(a)gives (~ - u)/u* against
theratioofthedistanceofthevelocitymaximumfromtheupperwall

—

to distanceofthelocsJ_velocityfromthewallandalsothegeneral -4
universalvelocitydistributionlaw (eq.(8)).Thelargervaluesof
(~ - u)/u* forthedatacomparedwiththeuniversalrelationfora ●

givenr/y maybe attributedtothefactthattheflowinthetunnel
wasslightlyasymmetric.Thisasymmetry,alreadynotedinthediscus-
sionoffigure6,resultsina lowervalueof u neartheupperwall
and,therefore,”alargervalueof (~ - u)/u*. It iS eXpected that

asymmetrybecomesmoreapparentwhenresultsarepresentedonthebasis
of (~ - u)/u* (fig.13),whereaslackofhydraulicsmoothnessis
betterindicatedbyu/u*(fig.12).

Thesamecheckontherelationofthevelocitydefect(eq.(8))
wasmadewiththevelocitiesmeasuredonthelowerportionofthepro-
fileandwiththedifferentroughsurfacesforno flowcondition.Fig-
ure13(b)”presentsthiscomparisonwiththegenerallaw (eq. (8))and
indicatesgoodagreement.No attemptwasmadeto correlatethedata -
foratiinjection,sincea relationwasnotavailable.Useofequation
(8)forthecorrelationofthese&ta wouldreq~retheexactdetermina-
tionofthefrictioncoefficientfromwhich u* iscalculated.For
thisinvestigationtheresultsofthefrictioncoefficientsareonlyof
a qualitativenature. \

FrictionCoefficients ●

No airinjection.- l@ictionfactorsfortheno-flowconditionwere
calculatedwithequation(6).Theevaluationprocedureforthesmooth r
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plateinthelowerwallis straightforward.Theresultis‘indicatedby
d thelowesttestpointsinfigure14. Thisseriesofpointsissomewhat

highertha.nthoseobtainedfrcxntherelationofBle.eius(ref.6,p. 363).
Theagreement,however,isconsideredreasonable.Fortheevaluationof
thefourroughsurfaces,itwasassumedthatthevalue f~ oltainedfram
thealready menthmd test series apylies also fortheupyerwall. Fig-
ure14 indicatesa continuousticreaseofthefrictionfactorwiththe
increaseinrou@.nessparameter.

A comparisonwillnowbemadeofthefricttonfactorsinfigure14
withpreviouslypublisheddata. Inthisconnection,ithastobe kept
inmindthatthepresentmeasurementsapplystrictlyto thecondition
whereflow,whichhasbecomefullydevelopedina channelwithsmooth
walls,issubjectedtothechangedboundaryconditionimpliedby a
roughsurfaceandadjustsitselftothiscondition.Ithastobe ex-
pectedthatfrictionfactorsforthisconditionwillbesomewhathigher
thanvaluesforfullydevelopedflbwina channelwithroughsurfaces.

Measurementsarereportedinreference1 forflowthroughcircular
tubeswithregularroughnesseswhichweregeneratedbymillingrectangu-
largroovesintheinsidesurfaceofthetubes.Thefrictioncoeffi-

* cientsfortwovaluesoftheroughnessparameterk/r areinsertedas
dashedlinesinfigure14. Thesefrictionfactorsareapproximatelyin
therangethatagreeswiththefrictionfactorsmeasuredforcorrespond-

* ingroughnessparametersinthisreport.Verycloseagreementcannotbe
e~ectedbecauseofthedifferenceinthecharacteroftheroughness
reportedinreference1. Inaddition,fortheinvestigationreported
hereintheflowwasapparentlynotfullydeveloped.

Theeffectoftheroughnessheightonthefrictionfactoris shown
moreclearlyinfigure15,wheretheabscissaistherelativeroughness
k/r. Thetop curveisforthequadraticlawofresistance

f = (1.74+ 2 logr/k)-2 (9)

asdeterminedby Nikuradseinhisexperimentswithsandasroughness
elements(ref.11). Intheregionwherteinequation(9)isapplicable,
thefrictionfactoris independentoftheReynoldsnumber.Thelower
curveinthefigurewasobtainedby cross-plottingNikuradse’sresults
(fig.9 ofref.11)at Re = 6X104.

.

Sandwasalsousedas oneoftheroughnessesintheinvestigation
by Schlichting(ref.8). It isexpectedthatthedataofNikuradseand
Schlichtingshouldbe ingoodagreement,sincetheroughnesselement
wastheSW. Itmaybe notedinfigure15thatthisisthecasewhen
thefrictionfactormeasuredby Schlichtingis~lottedovertherela-W
tiveroughnessbasedonhalfthetunnelheightr ratherthanonthe



16 NACATN 3339
‘F

hydraulicradiusrh. Theratio k/rh had.beenusedby Schlichtingas
roughnesspsrsmter.Theheightsoftheotherroughnessesinvestigated s—
by Schlich~ingwerelargerthan
arenotgiveninfigure15.

Theresultsofthepresent
givenin.figure15 onthebasis
withNikuradsetsresults.This

theroughnesshei& ofthessmda~d

experiments,readfromfigure14,are
of r andareinreasonableagreement
agreementindicatesthattheroughness

elementsoftheswles testedaresimilarto sandroughness.Thedata &ofreference1 determinedforsquare-threadroughnessarealsogivenin
thefigure.Ithasalreadybeenpointedoutinreference1 thatthe i?
roughnessratio k/r isnotanadequatemeasureofrelativeroughness
forsqusre-threadpassages.Thisinadequacymaybe notedby comparison .-
ofthe f valuegivenby thehighercurveandthedatapointfromref-
erence1 St k/r= 0.016forthesquare-ttieadroughness.

Theproximityofa roughnesss
.

7
leto sandroughnessmayalsobe

determinedby buildingtheratio ~ k where k. istheequivalent —
sandroughnessand k istheactualroughnessheight.By equivalent
sandroughnesska ismeantthat~ain sizeof sandroughnesswhich —
has,accordingto equation(9),thesameresistanceasthegivenrough-
ness k. “Thus, fromthefrictiondataandcurvesinfigure15,the

-a.=

equivalentsandrcmghnesska andthedimensionlessratio ~/k can
be determinedforthevariousroughnesses.Theresultsaregivenin t
tableI forthepresentdata
Schlichting(refs.1 and8).
usedinthedeterminationof
are basedonthehalftunnel
sq@.ler,therefore,thanthe

aswellas forthedataofSams-and
Inreference8 thehydraulicradiuswas
~; thevaluesof ~ givenintableI
heightr. Thesevaluesof ~ are
valuesgiveninreference8,since

r/rh = 0.617forthe testsectionofthatreference.T&evaluesof
~/k fortheresultsofreference8 arearrangedin increasingrelat-
ive roughnessforeachtypeofroughnesselement.Inmostcases,
largerka/k istheresultoflargerroughnessdensity(i.e.,more
roughnesselementsperunitsurfacemea). Onlyforthreeofthe
samplesinvestigatedby Sch.lichtingistheratio ka~k closeto 1.
TheseroughnessesareHaniburgsandIX,thehemisphereXIX,andtheshort
angleXVIII,asmaybe notedintableI. As notedinthediscussionof
figure15,thedataofthepresentreportareinfairagreementwith
thedataofNikuradse.Thisagreement isalsoindicatedintableI by
thefactthatforthepresentroughnesseskajks1.

Airinjection.- Frictionfactorswere“alsocalculatedforthe
differentporoussurfacesunderconditionoffluidinjectionwiththe
helpofeqution(6). Theresultsofthecalculation-arepresentedin
figure16. Theporoussinteredplateresults-arenotshown,sincethe
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calculatedfrictionfactordro~edbelowzeroevenforvaluesof
vv/ii= 0.004.Thisnegativefrictionfactorisobviouslyimpossible.

G
Thesurfacewiththelargestroughness(7x26meshscreen)alsoshows
a variationofthefrictionfactorthatdeviatesconsiderablyfromthe
characterofthefrictionfactorfortheothertwoscreens.An exami-
nationofthetestdatarevealedthattheflowratesmeasured.hy the
rotameterdidnotagreewellwiththeflowratesmeasuredby thepres-
sureprobesfortheporousplateaswellasforthelargestroughness
sample.Thislackofagreementisprobablyconnectedwiththefactthat
theflowwasnotsufficientlyuniformlocallyonboththesesurfaces,as
mentionedintheAFPARATUSsection.Forlargeflowratesthecorrection
caused by the last term in equation (6)becomesverylarge,sothat
slightdeviationfromthe.correctflowrateinfluencesthefriction

.

factormarkedly.Generally,theprecisionwithwhi.ch.thedetermination
offrictionfactorscouldbe madeforflowthroughtheporoussurfaces
shouldnotbe overestimated,andfigure16 shouldbe usedonlyto show

.

thegeneraltrendofthefrictionfactor.

An attemptwasmadeto checktheinfluenceofan errorintheflow
y measurementsonthefrictionfactor.Forthispurposeitwasassumed
~ thatthemomentumchangeinthemainflowdependsonlyonvelocityratio

vw/ilbutnotonthesurfaceroughness.Themeasurementsonthe20x120 =
u

screenwereusedto obtdn thismomentumchangefortheotherrough-
nesssamplesalso;theiresultofthiscalculationTrocedureisshownin

u figure17. Fortheporousplate,thisprocedureagainresultedinnega-
tivefrictionfactorsforflowrateslsrgerthan0.034.Comparisonof
figures17and16 showsthatthedifferenceinfrictionfactorsforthe
variousroughnessesisreducedat lsrgerin~ectionflowrates.

CONCLUSIONS

Fromanexperimentalinvestigationonporousroughsurfaces,the
followingconclusionssreobtained:

-.

1. The shape of the velocity profile is decidedly influenced by a
fluid injection from the surface. Theories on turbulent friction and
heat transfer with fluid injection should account for this vs.riationof
the profile in order to describe real conditions adequately.

2.Thespecificwayinwhichthevelocityprofileis influencedby
fluidinjectiondiffersfromtheinfluenceby surfaceroughness.This
differenceisindicatedby thefactthatina semilogarithmicplotthe
profilewithfluidinjectionbecomesdecidedlynonlinear.

.

~ 3.Thevelocityprdileintheneighborhoodofa solidwalloppo-
siteto a roughorporouswallisinfluencedonlyinsofarasthe
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velocity maximum isdisplaced.Inaddition,themagnitudeoftheveloc- _ ._
itiesmaybe increasedby theflowdisplacement.Howeverjthecharac-
teroftheflow,andaccordinglythelawdescribingthevelocitiesand . ._

0

thefriction,isnotchanged.
—

4.Frictionfactorsfora poroussinteredsurfaceandforthree
w3rescreenswithdifferentroughnesseswithoutairinjectionindicate
thattheincreaseinfrictiondueto thesurfaceroughnessisnearly
thesameasthatfomd by Nikuradseforstifaceswithsandroughness.
Thissimilarityappliesiftheratioofroughnessheighttohalftunnel 5
heightisthesameinbothcases. :

5.Evaluationsofthefrictionfactorsfortheporoussurfaceswith
fluidinjectionshowqualitativelya decreaseinfriction.Theaccuracy
oftheseevaluationswasnotsufficientto determinequantitativelythe
frictionfactorsundertheconditionoffluidinjection.Velocitypro-
filesindicatethattheinfluenceofroughriessparsmeterdecreaseswith
increasinginjectionvelocity.

6.Withinjectionthroughtheporouswall,theflowwasnotfully
developedinabouthalfthelengthofthetestsectionwherevelocity
profileswereobserved.Theratioofthetunnellengthwheretheve-
locityprofileswereobservedtotheheightforthisarrangementwas5.

v

if
LewisFlightPropulsionLaboratory

Nat”ionalAdvisoryCommitteeforAeronautics
Cleveland,Ohio,October29,1954
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APPmimx- SYMBOLS

Thefollowing syibols are usedinthisreport:

cross-sectionalarea

circumference

diameter

projectedsurfaceerea

projectedareaofroughnesselements

friction coefficient

tunnel height

roughness height

pressure

Reynoldsnuniber,2ikh/U

piperadiusordistance

hydraulicradius,2.A/C

\

from wall to maximum velocity

pitch of roughness elements

velocity paraKLel to wall

nshearing-stressvelocity,fi f 8

velocitynormaltowall

distanceparalleltowall

distancenormaltowall

absoluteviscosityoffluid

kinematicviscosityOffluid,V/P

densityoffluid

shearstress

.
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TABLE1. - EQUIVALENTSANDROUGHNESSE9

P, 8, k,
in. In. in.

:

“in.

0.0047
.0085
.W47

Roughnesssampl& Fy/F ~/k

pOFOUBplate
Re = 6x104
Eq. (9)

I I

-------
-------

0.3
I

----- 0.0045
+ ----- ------

0.0043E
.00324

0.973
.720

~

1.06
1.22
1.21

1.566
.737
.57%

1.01

Wirescreen
20X350mesh
20x120mesh
7x26mesh

0.00844
.01224
.0218

0.01018
.0070
.0023

0.0539

-------
-------
0.594

0.500
.564
.500

-------

Sq:erethreadew(ref:1)

B
c

Hamburgsand(ref.8)
IX 0.787I ------ /0.0532

“in.

0.315

+

Spheres~ (ref.8)
XII
v

0.787 1.575 0.161

I‘Tightlypacked.787
.394
.236 I
.394 .0827
.197 .0827

0.00785
.907
.0314
.126
.349
.0314
.126

0.0226
,0624
.0836
.306
.379
.0418
.184

0.140
.388
.519

1.90
2.35
.505

2.22

—

Hemispheresw(ref.8)
XIII
XIV
xv
XIX

0.0087
.0155
.0348
.251

0.00’75
.0119
.0362
.0887

0.0732
.117
.354
.868

Cones- (ref.8)
XXIII ‘-
XXIV

0.787 1.575 0.1476

i
1.181.
.787 J

0.0106
.0189
.0425

0.o143
.0399
.0909

0.0969
.270
.616 -.——

shortangles+(ref.8j
XVI
XVIII

0.787 1.575 0.1181

1
1.181
.787 1

0.0151
.0269
.0605

0.0707
.150
.357

0.599
1.27
3.02XVII —

.-
Longangles*(ref.8)

xx
XXI
XXII

0.787 2.36 0.1260

1
1.575 .1220
.787 - .1181

3.0538
.0776
.152

0.440
.899
.865

3.49
7.37
7.32

Tunnelwidth. —

*
—
—

w
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Airflow~

(a) P0rou6plate. .(b)Wire screen,20x3Xlmesh.

+-0s10 In.---+

.

. (c) Wirescreen,20x120mesh. (d)Wire screen,7x26Mesh.

Figure s. - Roughness samples (magnified).
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